Abstract: Inorganic-organic hybrid nanocomposites were prepared by the following steps: (1) homogeneous dispersion of various percentages (1 to 5% w/w) of organically modified montmorollonite clay in epoxy matrix resin1 (2) the resulting homogeneous epoxy-clay hybrids were modified with 10 wt.% of hydroxyl-terminated polydiemthyl siloxane (HTPDMS) using 1 -aminopropyltriethoxysilane (1 -APS) as coupling agent in the presence of dibutyltindilaurate catalyst1 and (3) the siliconized epoxy-clay prepolymers were further modified separately with 10 wt% of three different cyanate ester monomers and cured with diaminodiphenylmethane. The chemical interactions between epoxy, clay, HTPDMS and cyanate ester were confirmed by Fourier transform infrared spectral analysis. The values obtained from differential scanning calorimetry and dynamic mechanical analysis showed that there was a significant loss of glass transition temperatures in the resulting hybrid epoxy nanocomposite systems compared with that of neat epoxy system. The inorganic clay mineral and the formation of thermally stable oxazolidinone structures and siloxane linkages during curing led to significant improvement in the thermal properties of the resulting nanocomposites. A decreasing trend was identified in the resulting nanocomposites from their values of dielectric constant and dielectric loss by the incorporation of clay, HTPDMS and cyanate ester in the epoxy resin. The intercalation/exfoliation structure was studied using X-ray diffraction analysis and the homogeneous/heterogeneous morphology was studied using scanning electron microscopy analysis in the resulting nanocomposites.
INTRODUCTION
Nanostructured hybrid organic-inorganic composites have attracted considerable attention recently, both from the perspectives of fundamental research and their technological applications [1] [2] [3] . One approach to preparing these materials is via sol-gel processing, wherein the inorganic components are formed in situ through hydrolysis and condensation of metal oxide precursors, while the organic matrix undergoes simultaneous polymerization. However, the sol-gel approach is limited by the evolution of volatile byproducts and concomitant shrinkage when the hybrid is processed at elevated temperatures [4, 5] . Alternatively, the incorporation of layered silicates can be used as inorganic components for the construction of nanostructured hybrid polymer composites [6, 7] . Polymer-clay nanocomposites, as these materials are known, possess dramatically improved properties due to nanometer-sized dispersions of organically modified clay in the polymer matrix [8] . For example, incorporation of a few weight percent of clay in polymeric matrices brings appreciable increases in thermal and mechanical properties compared with their unmodified counterparts [9] and researchers at Toyota have demonstrated that nylon-6, following exfoliation with an inorganic filler possesses greatly improved thermal, mechanical, barrier, and even flame-retardant properties [10, 11] . The general approach has since been extended to many other commercial polymers, including polyimides, polyamides, unsaturated polyesters, poly(oxyethylene), polystyrene, polystyrene maleic anhydride, amineterminated butadiene acrylonitrile (ATBN), poly(methyl methyacrylate), polypropylene, poly(oligo(oxyethylene)) methacrylates, polyurethane and poly(butylene terephthalate) [12] .
There has been intense interest in crosslinked epoxy-clay nanocomposites because, in addition to the aforementioned thermal and mechanical properties, such materials also have excellent chemical resistance, good electrical insulating properties, good adhesion to glass and metals, and can be easily fabricated [13] [14] [15] . The variety of properties of epoxy resins makes them suitable to meet the performance requirements of many applications such as adhesives and coatings in construction, electronics and aerospace [12, 16] . Messersmith and Giannelis [17] reported that exfoliated epoxy-clay nanocomposite could be obtained when anhydride was used as a curing agent. Wang and Pinnavaia [18] and Lan et al. [19, 20] conducted more intensive investigations of epoxy-clay nanocomposites and found that the exfoliation behavior of clay was determined mainly by the structure of the organoclay and the curing temperature adopted. However, due to the inherently brittle nature of epoxies, additives and modifiers are generally used to improve the physical, thermal and mechanical properties of epoxies. Ashok Kumar et al. [21] studied the hydroxyl-terminated polydimethylsiloxane (HTPDMS) as the toughening agent for the epoxy resin and they found that HTPDMS is the most suitable polymer because of its flexibility due to -Si-O-Si-linkage, high thermal and thermo-oxidative stability, high moisture resistance, good electrical properties, excellent UV and chemical resistance. Dinakar et al. [25] investigated the modification of epoxy resin with co-reactive component cyanate esters and the formation of a flexible oxazolidinone aliphatic cyclic ring reduced the brittleness as well as enhancing the thermal and electrical properties of the epoxy resin. Generally, cyanate esters chemically react with epoxies to form hybrid polymers that exhibit low dielectric constant (2.5-3.1), good thermal and mechanical characteristics and low water absorption (0.6-2.5 wt.%), excellent heat and chemical resistance, and low volume shrinkage [22] [23] [24] . Although the incorporation of siloxane or cyanate ester into an epoxy system improves its low dielectric constant, thermal stability and impact strength and also increases the molecular mobility in the polymer chains and substantially reduces the stress-strain properties. Thus, in order to prevent the loss of stress-strain properties and the high molecular mobility in the polymer chains, organically modified montmorillonite (OMMT) clay (0-5 wt.%) was incorporated with siliconized cyanate ester-epoxy matrices via a cation exchange process to form an exfoliated structure with improved thermo-mechanical properties.
In this communication, we report the preparation and characterization of the exfoliation structure of organic-inorganic hybrid nanocomposites involving cyanate estersiloxane-modified epoxy resin and OMMT clay. The purpose of this work is to reduce the brittleness of epoxy resin and to attain a low dielectric constant with high thermal stability in the resulting epoxy hybrids for high performance applications. The dynamic mechanical, thermal, dielectric and morphological properties of the hybrid epoxy nanocomposites were investigated as a function of clay concentration.
EXPERIMENTAL

Materials
The commercially available epoxy resin (diglycidyl ether of bisphenol A, DGEBA) LY 556, having an epoxy equivalent weight of about 180-190 g mol 21 , and the curing agent 4,4 3 -diaminodiphenylmethane (DDM) were obtained from Ciba-Geigy Ltd., India. Cyanogen bromide, cyclohexanone, bisphenol A, resorcinol, o-cresol and cetylammonium bromide (SRL, India) were used as received without further purification. Montmorillonite K10 and HTPDMS (RMM 17 000-18 000 g mol 21 and viscosity 800-900 cP) were purchased from Aldrich Chemical Corp., USA. The coupling agent 1 -APS and dibutyltindilaurate (DBT) catalyst were obtained from Lancaster (USA) and Merck (Germany), respectively.
Synthesis of 1,1-bis(3-methyl-4-hydroxy phenyl) cyclohexane
Cyclohexanone (0.05 mol), o-cresol (0.1 mol) and a mixture of hydrochloric acid and acetic acid (2 : 1 v/v) were reacted at 50 4 C. The resulting pink-colored product was isolated, washed with water to remove acid and dissolved in 2 mol L 21 NaOH solution. The following day, the solution was filtered to remove resinous material, acidified with dilute hydrochloric acid, filtered, washed with distilled water and dried at 90-100 4 C to yield the purified product (81%, m.p. = 186 4 C). IR (KBr, cm 21 ): 3536, 3407 (O-H), 2926, 1600, 
Synthesis of cyanate ester monomers
To a 1 L three-necked flask fitted with paddle stirrer, and nitrogen inlet, were added: diol (1 mol) in acetone (600 cm 3 ). Cyanogen bromide (2 mol.) in acetone (100 cm 3 ) was added dropwise and followed by triethylamine (2.2 mol.) -also added dropwise. The reaction was maintained at -15 4 C for 1 h, during which time the contents of the vessel changed to pale yellow in color, and was filtered under vacuum, to separate triethylammonium bromide. The product, was precipitated from acetone by adding ice-cold water to yield a white solid, which was filtered and recrystallized from water : methanol (1 : 1) under ice cold conditions (figure 1). 
Preparation of organically modif ied clay and its nanocomposites
The crude montmorillonite clay (25 g) was pre-treated for 24 h in a 1 N solution of NaCl (5 dm 3 ) with continuous stirring at 70 4 C. Upon centrifugation of the solution at 800 rpm, an opaque whitish layer accumulated at the bottom of the centrifuge tubes beneath a translucent gel. The gel was isolated and washed several times with deionized water until no chloride was detected in the filtrate by one drop of 0.1 N AgNO 3 solution. Then purified Na-montmorillonite clay was dried at 70 4 C and stored in a dessicator prior to next step.
The purified montmorillonite clay (15 g) was dispersed in distilled water (1.2 dm 3 ) at 80 4 C. Cetylammonium bromide (surfactant) (5.7 g) in distilled water (300 cm 3 ) was poured into the hot montmorillonite/water solution and stirred vigorously at 80 4 C (1 h) after which time a white precipitate formed. The latter was isolated by filtration and washed several times with a hot water : ethanol (1 : 1) mixture until no bromide was detected in the filtrate by one drop of 0.1 N AgNO 3 solution. The cetylammonium ion exchanged montmorillonite was then dried for several days at 75 4 C, ground with a mortar and pestle, before the 5 50 6m fraction was collected. The organophilic clay was stored in a dessicator. The cation exchange capacity (CEC) of the OMMT clay was found to be 94 meq per 100 g. The cation exchange capacity of the montmorillonite clay was determined by the barium chloride method employed for kaolinite clays.
A desired amount of organophilic clay was swelled with epoxy resin at 70 4 C for 24 h with constant mechanical stirring at 900 rpm to complete the homogeneous dispersion of clay in epoxy resin (figure 2). The epoxy resin was subjected to vacuum to remove trapped air before and after mixing with OMMT clay. 
Preparation of siliconized epoxy/clay prepolymer
A fixed amount of epoxy resin, hydroxyl-terminated polydimethylsiloxane (10 wt.%), a stoichiometric amount (with respect to the hydroxyl groups of HTPDMS) of 1 -APS and 0.1 mL of dibutyltindilaurate catalyst were thoroughly mixed at 90 4 C for 30 min with constant mechanical stirring at 900 rpm. The product was then degassed to remove ethanol formed during the condensation reaction between 1 -APS and HTPDMS.
Preparation of cyanate ester-modif ied siliconized epoxy-clay polymer
A fixed amount of epoxy resin, cyanate ester monomer (10 wt.%) and followed by the stoichiometric amount (with respect to the epoxy) of diaminodiphenylmethane were mixed thoroughly with clay-filled siliconized epoxy prepolymer at 120 4 C for 15 min with constant mechanical stirring at 900 rpm. The product was then degassed and transferred into a preheated mold. The castings pre-cured at 120 4 C for 3 h and post-cured at 180 4 C for 2 h. After cooling to room temperature, the bubble-free nanocomposite sheets were removed from the mold and cut into sheets per the ASTM standard dimensions for characterization analysis. The sample code is provided below: AC x -organoclay-filled epoxy BC x -organoclay-filled siliconized epoxy D y C x -organoclay-filled cyanate ester-siliconized epoxy x -weight percentage of organoclay y -type of cyanate esters (CE-1 or CE-2 or CE-3) used in the hybrid system.
Characterization
Fourier transform infrared spectra
Spectra were recorded on a Perkin Elmer spectrometer. About 600 mg of optical-grade KBr was ground in a mortar with a pestle, and enough solid sample was ground with KBr to make 1 wt.% mixture for making KBr pellets1 viscous samples were analyzed as thin films. After the sample was loaded, a minimum of 16 scans was collected for each sample at a resolution of 5 4 cm 21 .
Nuclear magnetic resonance (NMR) spectra
All 1 H and 13 C NMR analyses were performed in acetone-d 6 and recorded on a Jeol GSX 400 spectrometer.
1 H NMR spectra were collected at 400 MHz using a 8000 Hz spectral width, a relaxation delay of 3.5 s, a pulse width of 45 4 , 32K data points, and acetone-d 6 (2.0 ppm) as internal reference. The 13 C NMR spectra were obtained at 100.6 MHz using a 25 000 Hz spectral width, relaxation delay of 1.68 s, a pulse width of 45 4 , 32K data points, and acetone-d 6 (30.3 and 206.4 ppm) as internal reference.
Differential scanning calorimetry
The differential scanning calorimetry (DSC) was performed on a Netzsch DSC-200 differential scanning calorimetry. The instrument was calibrated with indium supplied by Netzsch. Measurements were performed under a continuous flow of nitrogen (60 mL min 21 ). All the samples (about 10 mg in weight) were heated from ambient to 400 4 C and the thermograms were recorded at a heating rate of 10 4 C min 21 . The glass transition temperature was taken as the midpoint of the capacity change.
Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) of the samples was determined using NETZSCH DMA 242 in the temperature range between 30 and 250 4 C at a heating rate of 5.0 K min 21 , frequency of 20 Hz and a flow rate of 1 ml min 21 in air. The sample dimension was 55 mm 6 10 cm 6 3 mm.
Thermogravimetric analysis
Thermogravimetric analyses (TGA) were performed on a Netzsch STA 409 thermogravimetric analyzer. The instrument was calibrated with calcium oxalate and aluminum supplied by Netzsch. The samples (about 50 mg) were heated from ambient temperature to 900 4 C under a continuous flow of nitrogen or air (60 mL min 21 ), at 10 4 C min 21 . The thermal degradation temperature was taken as the midpoint temperature at which 10 wt.% loss occurred.
Impedance analysis
The dielectric constant and dielectric loss measurements of the nanocomposite samples were carried out with the help of an impedance analyzer (Solartron impedance/gain phase 330 S. NAGENDIRAN ET AL.
analyzer 1260) at room temperature using platinum electrode in the frequency range from 1 Hz to 8 MHz. The dimension of the sheets used was 7 mm 6 7 mm 6 1 mm. The dielectric constant and dielectric loss of the samples were determined using 7 and tan 2 as the standard relations.
Water absorption analysis
Water absorption was determined by swelling the samples in distilled water for 24 h at room temperature. The sample dimension was 10 mm 6 10 mm 6 3 mm. The sorption of the water molecule was measured based on the gain in weight
X-ray diffraction analysis
The X-ray diffraction (XRD) study of the sample was carried out using a Rich Seifert-3000 X-ray diffractometer Cu K8 radiation with a copper target (9 = 1.54 Å) over the 2 range of 5-40
4 at a scanning rate of 0.04 4 min 21 .
Scanning electron microscope analysis
A JEOL JSM-6360 field emission scanning electron microscope (SEM) was used and the powder samples were prepared by applying gold coating for SEM measurements.
RESULTS AND DISCUSSION
Fourier transform infrared spectral analysis
The OMMT clay was synthesized from MMT clay via Na 7 ion and followed by cetylammonium ion treatment of the MMT clay. The OMMT clay was confirmed by the appearance of peaks in the range of 2928 and 2856 cm 21 (3 C-H band in cetylammonium ion) in Fourier transform infrared (FT-IR) analysis ( figure 3) . The FT-IR data for all the epoxy-DDM-clay nanocomposites formed and cured at various temperatures are given in table 1. From table 1, it can be seen that the -OH group of the K-10 montmorillonite clay showed a stretching frequency at 3441 cm 21 , whereas the epoxy-DDM-clay nanocomposite cured at room temperature exhibited the -OH stretching band at 3413 cm 21 . The negative shift from 3441 to 3413 cm 21 is due to the very high intermolecular hydrogen bonding between the clay-OH group with that of the epoxy group. The -OH stretching frequency for the MMT clay of the epoxy-DDM-clay nanocomposite cured at 75 4 C was further shifted to 3406 cm 21 . The shift of about 7 cm 21 to lower energy side is mainly due to the strengthening of the intermolecular hydrogen bonding between the cleaved epoxy group and the clay hydroxyl groups. The same is further supported by the enhanced -OH 21 . This increase in stretching frequency from 3401 to 3411 cm 21 can be attributed to the weakening of the intermolecular hydrogen bonding between the clay and epoxy matrix. This is primarily due to the complete polymerization of the epoxy with DDM within the clay matrix thereby isolating the hydroxyl group. A similar kind of shift was also observed for Si-O stretching frequency and there is no significant changes are observed for Al-O stretching as is no alteration in the octahedral sheet. Similar results were reported on the IR characteristics of silver-zeolite A by Calzaferri et al. [28] , wherein the interaction of silver atom within the zeolite matrix effects the changes.
The formation of the siliconized epoxy proceeds in two steps as shown in figure 4 and the reaction between the cyanate ester and siliconized epoxy proceeds in several steps as shown in figure 5 . The first step involves the reaction between the epoxide ring of the epoxy resin and amino group of the 1 -aminopropyltriethoxysilane, which is confirmed by the decreasing intensity of the epoxy band at 913 cm 21 and the appearance of a hydroxyl band at 3420 cm 21 (figure 6b). In the second step, the alkoxy groups present in the 1 -aminopropyltriethoxysilane react with the hydroxyl groups of HTPDMS. The appearance of two shoulder peaks in the 1 -APS spectrum indicated the presence of -Si-C-and -Si-O-C-at 1084 and 1172 cm 21 , respectively, while they merged in the case of HTPDMS- modified epoxy at 1117 cm 21 due to the presence of -Si-O-Si-linkage. However, the -Si-C-band at 1084 cm 21 in the siliconized epoxy system overlaps with the -Si-O-Siband and thus could not be observed clearly (figure 6c).
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The cyclotrimerization of cyanate groups followed by the reaction with epoxy groups results in the formation of several intermediates including isocyanurate, oxazoline and oxazolidinone species [22, 25] . In the case of the cyanate ester (CE-2), synthesized from the diol, the monomer showed a characteristic absorption band at 2253 cm 21 (figure 6d), which vanished in the epoxy-cured cyanate ester systems. The appearance of a new absorption band at 1750 cm 21 (figure 6e) is due to the formation of oxazolidinone, while other absorptions (1650, 1690 and 1750 cm 21 ) are due to the formation of the products such as oxazoline, isocyanurate and cyanurate, respectively. It was also found that the reaction of epoxy and isocyanurate caused a considerable reduction in the intensity of the epoxy band at 914 cm 21 . The FT-IR spectrum of the DDM-cured cyanate ester-siliconized epoxy system (figure 6f) showing the absorption at 1750 and 1690 cm 21 , confirmed the formation of oxazolidinone and isocyanurate. There was no s-triazine vibration visible at 1565 cm 21 , which further confirms the conversion of cyanurate into oxazolidinone and isocyanurate by the reaction with epoxy resin. The disappearance of peak at 915 cm 21 indicated the completion of the curing reaction of the epoxy with DDM.
Differential scanning calorimetry
The DSC curves of the neat epoxy and the resulting hybrid nanocomposites displayed single glass transition temperatures (T g ) in the experimental temperature range (30 to 250 4 C) as shown in figure 7 . It should be pointed out that the single glass transition indicates the resulting hybrids are in the form of interpenetrating network structures. The glass transition temperature of the neat epoxy occurred at 171 4 C. It was noted that the clay-filled hybrid composites displayed decreased T g values in comparison with the neat epoxy. Kornmmann et al. [29] and Ole Becker et al. [30] also observed a reduced T g with clay addition and theorized that this may be the result of a number of factors, such as changes in reaction chemistry (epoxy homopolymerization and reduced cross-link density), thermal degradation of the surface modifier, or a plasticizing effect of unreacted resin or hardener monomers. The possible explanation of the decrease in glass transition temperature would be a change of stoichiometry caused by the diffusion of the curing agent between the clay layers, causing a lack of curing agent outside the layers, i.e. incomplete curing [31] . Thus, the degree of curing reaction of epoxy resin upon incorporating the clay particles was examined by means of FT-IR analysis. Under the standard curing condition the reaction of the neat epoxy and the resulting hybrids were quite complete as evidenced by the disappearance of epoxide band at 3 915 cm 21 Therefore, the depression of glass transition temperatures (T g values) was not ascribed to the incomplete curing reactions resulting from the incorporation of clay in the hybrids in these present cases. The cross-link density of epoxy resin was increased with clay addition, which was observed from the DMA analysis. Thus, the reduced cross-link density can not be the reason for the depression of T g in these present cases. Ole Becker et al. [30] explained that the free volume factor does not significantly affect the glass transition temperature, although the presence of clay in epoxy resin leads to increased free volume. Although the decrease in glass transition temperature T g in the epoxy-clay nanocomposite may be explained by the thermal degradation of alkylammonium ions in the curing temperature, the critical mechanism in this case is yet to be explored.
The modification of HTPDMS, followed by cyanate ester in the clay-filled epoxy systems further reduced T g in the resulting hybrid systems (figure 7d). This was probably caused by the molecular mobility of siloxane linkages and the formation of flexible oxazolidinone structure by the reaction between cyanate ester and epoxy resin. Among the three different cyanate ester-modified systems studied, the (1,1-bis(3-methyl-4-cyanatophenyl) cyclohexane (CE-2)) system has a lesser number of cyanate groups, which led to the increase in T g in comparison with the similar stoichiometric amount of the other cyanate ester homologues.
Thermogravimetric analysis
Thermogravimetric analysis was applied to evaluate the thermal stability of the neat epoxy and hybrid epoxy nanocomposites. Figure 8 shows the TGA curves of neat epoxy and their hybrid nanocomposites recorded in a nitrogen atmosphere. For the neat epoxy, the initial decomposition temperature that was defined as 10% mass loss temperature was 405 4 C and no ceramic yield was obtained for DDM-cured epoxy at 750 4 C ( figure 9 ). For the OMMT clay-filled epoxy nanocomposites, the decomposition temperatures and the ceramic yields increased with increasing clay concentration. In terms of the initial decomposition temperatures and the ceramic yields, the thermal stability of the hybrids was significantly enhanced by increasing the inorganic clay component. In addition, the nanoscaled dispersion of OMMT clay in epoxy matrices was an important factor con-338 S. NAGENDIRAN ET AL. tributing to the enhanced thermal stability. Furthermore, the additional improvement in the thermal stability and the ceramic yield was observed in the case of clay-filled epoxy nanocomposites modified by HTPDMS and cyanate esters. This additional improvement in the thermal stability and the ceramic yield in the siloxane and cyanate ester-modified epoxy-clay nanocomposites were attributed to the presence of highly thermally stable siloxane linkages and a heterocyclic oxazolidinone structure in the nanocomposites. Figure 10 shows the plots of DMA tan 2 as a function of temperature for the neat epoxy and its hybrids containing OMMT clay, HTPDMS and cyanate esters. The tan 2 peaks correspond to 8 relaxation, which represents the glass-rubber transition (T g ) of the polymer.
Dynamic mechanical analysis
The dynamic spectra of all the nanocomposites containing clay also clearly displayed the single 8 transitions in the temperature range of 30 to 240 4 C. The dynamic spectrum of neat epoxy resin exhibited a well defined 8 relaxation peak centered at 171 4 C. The relaxation peaks of hybrid nanocomposites containing 1, 3 and 5 wt.% of OMMT clay were slightly lower than that of neat epoxy (table 2), which was in good agreement with those obtained by means of DSC. The magnitude of the tan 2 peaks in the clay-filled epoxy nanocomposites was significantly suppressed as shown in figure 10 (AC 5 ), which indicated the increased cross-link density in the clay-filled epoxy nanocomposites in comparison with neat epoxy [32] . The relaxation peaks of the clay-containing hybrids was further shifted towards a lower temperature by the incorporation of HTPDMS and cyanate ester in comparison with clay-epoxy nanocomposites and the shifted T g values were also consistent with DSC analysis. Figure 11 shows the plots of storage moduli as functions of temperature for the neat epoxy and the resulting nanocomposites. It was observed that the storage modulus was increased by adding a small amount (5 wt.%) of clay in the glassy state (at T 5 T g ). It is interesting to note that in the rubbery state (T T g ) of the dynamic storage moduli of the clay-containing epoxy hybrids were significantly higher than that of the neat epoxy. In a cross-linked structure, a rubbery state modulus directly correlated with the network crosslink density. The results were in good agreement with those obtained by means of DMA tan 2. It was observed that the incorporation of HTPDMS and cyanate esters in the epoxyclay nanocomposites resulted in a significantly decreased cross-link density in comparison with clay-containing epoxy. It was noted that the storage moduli of the rubbery state for the cyanate ester-and HTPDMS-modified epoxy-clay nanocomposites were higher than those of the neat epoxy and lower than the clay-epoxy nanocomposites1 this was ascribed to the molecular motion of siloxane linkages (-Si-O-Si-) and the flexible oxazolidinone structure in the resulting hybrids.
Dielectric behavior and water absorption
The signal propagation delay time of integrated circuits was proportional to the square root of dielectric constant of the matrix, and the signal propagation loss was proportional INORGANIC/ORGANIC HYBRID NANOCOMPOSITES 341 Figure 11 . DMA dynamic storage moduli for epoxy hybrid systems.
to the square root of the dielectric constant and dissipation factor of the matrix. Thus, a material with low dielectric constant and low dissipation factor will reduce the signal propagating delay time and the signal propagating loss. The values of the dielectric constant and dissipation factor of the hybrid systems are shown in table 3. It was noted that the incorporation of OMMT clay, cyanate ester and siloxane into the epoxy systems displayed a lower dielectric constant and lower dissipation factor in the hybrid systems than that of the neat epoxy. This was due to the reduction in polarity in the resulting hybrids by the combined effects of OMMT clay, HTPDMS and cyanate ester.
Water absorption behavior was tested on the hybrid samples by immersing them in deionized water for 24 h at ambient temperature (figure 12). Interestingly, it was seen that the clay-filled systems generally absorbed less water than the neat epoxy system. The experiments showed very little volume change without any clustering or microvoiding. Increasing the concentration of clay in the hybrids reduced the polarity of the polymer since the water uptake was mainly related to the polarity of the polymers and hence to the amount of bound water, rather than the free water trapped in micro-voids of free volume in the nanocomposites. The introduction of siloxane and cyanate esters into the clay-filled epoxy systems further reduced water uptake content due to the presence of the inherently hydrophobic nature of the siloxane and less polar nature of cyanate ester network in the hybrid systems. These results were in good agreement with the dielectric behavior.
X-ray diffraction analysis
The XRD profiles of untreated clay, organically treated clay and clay-filled polymer matrices are shown in figure 13 . The untreated MMT clay gave a (001) peak at 26.1 4 in the standard region i.e. 2 = 10 to 70 4 , corresponding to a d-spacing of 0.34 nm. The OMMT clay had a larger d-spacing, which had a strong (001) peak at 18.9
4 , corresponding to a d- spacing of 0.46 nm. The increase from 0.34 to 0.46 nm was due to the cetylammonium ion grafted onto the clay layer surface via ion exchange, in agreement with the analysis of FT-IR (figure 3b). The XRD pattern of clay-filled epoxy matrix at 8 h swelling period shows a Bragg reflection at 11.2 4 in the standard region, corresponding to an interlayer separation of approximately 0.79 nm. This increase of the layer space from 0.46 to 0.79 nm was caused by the grafting reaction of the epoxy with the ammonium group of the surfactant. This suggests the formation of an intercalated structure at the 8 h swelling period of clay in the epoxy matrix. Remarkably, with continued swelling of the OMMT clay in the epoxy matrix at the same temperature, the peaks broadened and nearly disappeared after a period of 24 h swelling, suggesting the formation of an exfoliated structure. The exfoliation of the clay layers is caused by diffusion of epoxy molecules into clay galleries1 the d-spacing between all pairs of clay layers should increase and assume a Gaussian distribution. The increase in d-spacing in the clay-filled systems suggests that a high degree of adsorption of epoxy and cetylammonium ion is held by van der Waals' forces. Since the interlayer surface is organophilic and has a great tendency to adsorb organic molecules, an exfoliated nanocomposite is achieved. From this it was observed that the change of state from intercalated to an exfoliated state occurred only after the swelling continued for a specific period of time indicating the transition might only take place after a certain period of time. This was in good agreement with observations made by both Becker et al. [30] and Park et al. [33] . By introducing of siloxane and cyanate ester into exfoliated clay-epoxy hybrid system, the exfoliated structure was retained and showed the broad amorphous halo at 2 = 20 4 (d 001 = 00 nm), which is associated with Si-O-Si linkage.
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Scanning electron microscopic investigation
The morphology of the organic-inorganic hybrid systems was investigated by means of SEM. Figure 14a and b are the SEM micrographs of homogeneous mixtures with no apparent phase separation composites of neat epoxy and clay-filled epoxy. From the homogeneous and transparent mixtures of OMMT clay with epoxy indicates the miscibility of all the organophilic clay with epoxy. The miscibility could be due to the formation of van der Waals' interaction between layered silicate and epoxy and/or DDM. The homogeneous dispersion of epoxy-clay hybrid systems gradually became highly translucent with the polymerization process by the introduction of HTPDMS into the system and exhibited heterogeneous morphology as shown in figure 14c . The occurrence of possible phase separation was induced by the polymerization of siloxane and the partial incompatibility of HTPDMS with epoxy resin. It is interesting to note that the discrete spherical siloxane-rich particles were uniformly dispersed in the continuous epoxy matrix as shown in figure 14c . The two-phase morphology with uniformly dispersed domains is a typical characteristic of phase separation. On addition of cyanate ester into phase-separated hybrid prepolymer nanocomposites, there was no change in the morphology, which could explain why no reaction occurred between cyanate ester and HTPDMS in the hybrid systems (figure 14d).
CONCLUSIONS
The organic-inorganic hybrid nanocomposites involving OMMT clay and cyanate estersiliconized epoxy nanocomposites were prepared via in-situ polymerization using clay loadings up to 5 wt.%. The co-reactions between HTPDMS, cyanate ester and the epoxy were determined from FT-IR. The significant reduction in the glass transition temperature of the hybrid systems was confirmed by means of DSC and DMA when compared with neat epoxy. In this case, the thermal degradation of alkylammonium ions at the curing temperature is a possible explanation for the depression of T g in the epoxy matrix with presence of OMMT clay. The increasing percentage of inorganic content (OMMT clay) increased the thermal stability and char yield. The reduction of polar nature of polymer was obtained by the addition of clay, siloxane and cyanate ester into the epoxy system, which reduce the water permeability and dielectric constant in the hybrid systems. The X-ray diffraction analysis suggests that the d-spacing increased in the hybrid systems only after swelling was continued for a specified period to time. The complete homogeneous morphology was observed in the clay-filled hybrid systems up to 5 wt.% of clay. The occurrence of possible phase separation was induced by the addition of siloxane, by the partial incompatibility of HTPDMS with epoxy and discrete spherical siloxane-rich particles were uniformly dispersed in the continuous epoxy matrix.
